The present paper explores the relationship between physical and economic depletion of a nonrenewable natural resource using a decomposition of mining costs akin to the one used in the literature on productivity and technical change. We argue that this decomposition can provide key insights on future availability of nonrenewable natural resources. Using data on slate mining in Galicia (Northern Spain), we provide quantitative evidence of the role played by physical depletion in economic exhaustion but also of the offsetting effects of technical change. Additionally, we provide a measure of the effects on economic depletion of input prices, output, fixed inputs and production scale. Input prices and fixed input misallocation contributes far more to economic depletion than physical depletion while technical change has a remarkable negative contribution to economic depletion. Policy implications are discussed, particularly, the importance of promoting technical change.
Introduction
The canonical model of physical depletion of a nonrenewable natural resource is quite simple. There is a roughly fixed stock of the resource of which a constant quantity gets extracted each year so the remaining reserves will only last for a number of years. The main assumptions of the model are a somehow known stock of the natural resource and a constant yearly consumption rate. As a matter of fact, this seems to be the model behind the calculation of the number of years that the remaining reserves of oil, coal and other minerals will last -which is known as the reserves to production ratio (BP Statistical Review of World Energy, 2014).
However, there is another point of view on the issue of depletion of nonrenewable natural resources: economic depletion (Tilton, 2009) . In this case, the focus is not as much in the stock of the resource but in the opportunity cost of extracting it. In other words, the amount of other resources (e.g. capital and labor) required to extract a unit of the nonrenewable resource. In this setting, economic depletion would mean the increasing difficulty and eventual unfeasibility of extracting the natural resource due to mining costs.
Economic depletion increases with physical depletion since a reduction of stocks increases the amount of other resources required to mine one unit of the natural resource (Rodríguez and Arias, 2008) . However, technical change can alleviate the effects of physical depletion in the cost of extracting the natural resources and, as a result, slow down economic depletion. Economic depletion is a broader concept than physical depletion since mining costs can halt the extraction of the natural resource well before physical scarcity is a pressing concern.
The objective of the present paper is to analyze economic depletion (i.e. the cost of extracting and processing the natural resource) using the cost decomposition behind the analysis of productivity and technical change (Bauer, 1990) . The evolution of mining costs can provide a more accurate measure of resource exhaustion than commonly used indexes such as the reserves to production ratio (Feygin and Satkin, 2004) or the real price of the natural resource (Tilton and Lagos, 2007; Tilton, 2009 ). On the one hand, physical availability as measured by the reserves to production ratio cannot guarantee extraction of the resource if the mining cost increases over a certain level. On the other hand, real prices of the natural resource can be affected by market shocks unrelated to the physical availability of the natural resource. However, a continuous increase in extraction costs is a sure sign of problems to use the non-renewable natural resource in the short or medium run. Furthermore, the cost decomposition provides a measure of the sources of the increase in extraction costs (e.g. input prices or physical depletion).
Of particular interest are the role of stock reduction (physical depletion) and the potential offsetting effect of technical change. Additionally, the decomposition shows the effects on economic depletion of factors outside the control of the industry such as input prices and output changes but also the effects of variables that can be changed by management such as fixed inputs and production scale.
The structure of the paper is as follows. In section 2, we review the relationship between economic and physical depletion using a cost function that has reserves of the natural resource as an explanatory variable. In section 3, we propose a decomposition of changes in total cost of extracting the natural resource as a way to analyze the sources of economic depletion. In section 4, we estimate a cost function of mining using data on slate mining and we decompose total cost changes in six components related to economic depletion. The paper ends with some conclusions and policy recommendations in section 5.
Physical and economic depletion of a nonrenewable natural resource
Physical depletion of a nonrenewable natural resource refers simply to the continuous decrease in stock as a result of extracting it. It is commonplace to measure physical depletion by the number of years remaining of the stock at current rates of extraction.
The simplicity of the proposal no doubt contributes to its popularity. However, besides the difficulties of estimating the stock and the oversimplification of projecting current extraction rates into the future, Tilton (2009) lists a number of shortcomings of this approach. Namely, the physical approach to depletion cannot account for the role played by technical change in mining, recycling or development of substitutes for the natural resource. Tilton and Lagos (2007) and Tilton (2009) propose an economic perspective for the analysis of depletion of nonrenewable natural resources. More precisely, he proposes to measure economic depletion by the opportunity costs of mining the natural resource. In this setting, physical depletion contributes to economic depletion by increasing the cost of extracting the natural resource. The relationship between the level of reserves and extraction costs has been analyzed by Zimmerman (1981) , Harris (1990) , Epple and Londregan (1993) and Cuddington and Moss (2001) . The rationale is that easy to extract veins of the resource are mined first while more costly to extract veins are mined later on. On the other hand, technical change could offset the effects of physical depletion by reducing the cost of extracting the natural resource. In other words, technical change can alleviate economic depletion (Rodriguez and Arias, 2008) . In the same manner, recycling and substitutes for the natural resources operate by putting a cap on the cost of extracting the natural resource and, as a result, limiting economic depletion.
In the present paper we take on the proposal of measuring depletion by the opportunity cost of mining a nonrenewable natural resource. Further, we extend this idea by linking changes in mining costs over time to decreases in stock of the natural resource (physical depletion), technical change, changes in inputs prices, fixed inputs and scale of operation. For that purpose, we use the cost decomposition from the literature on productivity and technical change following the proposal to analyze the relationship between resource depletion and technical change of Rodríguez and Arias (2008) .
The starting point is the cost of extracting a non-renewable natural resource that can be written as:
Where C is the cost of extracting the natural resource, W is a vector of input prices, Q is the quantity of the resource extracted, t is a time trend that accounts for technical change over time and R is the stock of the natural resource.
It is common to assume that technical change reduces the cost over time 
. Therefore, mining costs are going to increase over time due to the reduction of the stock. In other words, there is economic depletion linked to the reduction of the stock. However, technical change can reduce the cost of extracting the natural resource offsetting the effects of the reduction of the stock (physical depletion) on mining cost (economic depletion). Moreover, inputs prices and output can play a role too in economic depletion.
In the next section, we present a decomposition of mining cost that provides a measure of the effect of different factors on economic depletion.
A decomposition of economic depletion
In this section we propose a decomposition of the total cost of mining a non-renewable natural resource in order to assess the contribution to economic depletion of input prices, quasi-fixed inputs, output, production scale, technical change and the level of reserves of the natural resource. The starting point is the production function:
where Q is the quantity of the natural resource mined using three variable inputs:
Employment (X L ), Energy (X E ) and Materials (X M ). We assume that Capital (X K ) is a quasi-fixed input. In other words, we assume that the industry is in a short-run competitive equilibrium where some inputs cannot be changed instantaneously. In addition, the technology represented by a time trend (t) and the level of reserves of the natural resource denoted by R affect the mining of the natural resource. Finally, assuming cost-minimizing behaviour and certain regularity conditions of the production function (Lau, 1976) we obtain a dual variable cost function containing all relevant information of the technology such as:
Where VC denotes variable cost and W L , W E and W M are the input prices of labour, energy and materials. The total cost function can be written as:
where W K is the user cost of capital.
Differentiating the total cost function with respect to time we have that:
, ,
Applying Shephard lemma's in expression (4) and rearranging terms suitably we have that 1 :
is the elasticity of cost with respect to output, Q  is the rate of change of output and R  is the rate of change of reserves.
As it was argued in section 2, mining costs can be interpreted as an index of economic depletion. As such, equation (5) 
 -on total cost. This term vanishes in a competitive equilibrium when the shadow value of the fixed factor (Z K ) is equal to its market price (W K 
Empirical application
In this section, we explore the relationship between economic depletion and its main components using data on slate mining in Galicia (Northern Spain) by decomposing the changes in the total cost of mining into the six components described in expression (5).
For that purpose, we estimate a Variable Cost function in which the level of resource depletion is included as an explanatory variable. Therefore, a key issue of the decomposition is the definition of a variable that measures the reserves of slate available for extraction at each period of time.
To the best of our knowledge, there is no annual estimation of reserves of slate in the area of analysis in Northern Spain. However, several reports published by Instituto Tecnológico GeoMinero de España (ITGE, 1976 (ITGE, , 1979 (ITGE, , 1982 (ITGE, , 1985 2 and Xunta de Galicia (1991) quote 109 million metric tons of reserves of ornamental slate 3 in Galicia (Northern Spain) for the year 1985. Additionally, we have data on the quantities of slate mined from 1974 to 2010. Therefore, following Rodríguez and Arias (2008) an annual time series of reserves can be estimated using the following expression:
where R t denotes slate reserves in year t and (Q 1 , … , Q t-1 ) the quantities of slate mined in previous years. R 0 represent the level of reserves the year before the period of analysis starts. It can be calculated using the reserves in any given year (1985 in the present paper) and the amount of slate mined in previous years. The definition of variables follows closely Rodríguez and Arias (2008) .
Variable and Total
Cost include only items directly related to extraction and preparation of slate and do not include other costs (e.g. marketing costs). The hours of Labor (X L ) are weighted by the cost share of each labor qualification, the tons of Materials (X M ) are weighted by the cost share of each type of material, Capital is measured as hours of machinery use weighted by the power of each type of machinery and output is measured in Tons of mineral extracted.
The user cost of Capital (W K ) is defined as:
where S 0 is an estimate of the value of the stock of Capital in the base year (Gómez, 1987) , H 0 is the stock of capital in the base year measured as hours of machinery use, r is the interest rate, d a depretiation rate and I t is an index of price of machinery. We choose the interest rate charged in the base year to mining firms for medium and long term loans (12%) and the rate of depreciation provided for tax and accounting purposes in the mining industry by the Ministry of Economy of Spain. 
where i,j refer to the three variable inputs -Labor (L), Energy (E) and Materials (M)while R is the measure of reserves in expression (6). All variables in the translog cost function are in natural logarithms with the exception of the time trend (t) 6 . This practice 6 It is well known that when a variable is introduced into the model in levels, the associated coefficient measures the effect of a unitary change in this variable on the dependent variable.
is standard for the time trend since the passing of time (and not its "growth rate") is the interesting feature here.
Using Shephard's lemma in equation (8) we have that:
where S i denotes the cost share of input i. In addition, we impose optimizing behaviour in the output market (Morrison and Schwartz, 1996) by including the equilibrium condition:
The system of equations (8), (9) and (10) Covariance Matrix robust to heteroskedasticity and autocorrelation (Newey and West, 1987) .
The quadratic terms of the cost function were dropped since we could not reject the null hypothesis that they were jointly equal to zero. By doing so, we reduce the number of coefficients to estimate with limited data that could lead to problems of multicollinearity.
The final results of the estimation are shown in Table 2 .
However, if the variable is introduced in logarithmic terms, the coefficient measures the effect on the dependent variable of a unitary increase in the growth rate of the variable in question. there is no evidence of instrument mis-specification.
All variables appearing in natural logarithms were divided by their geometric mean prior to estimation. The time trend was set at zero in 1992. As a result, the coefficients of the first order terms of the variables in natural logarithms can be interpreted as cost elasticities in that year evaluated at the geometric mean of the explanatory variables.
These cost elasticities have the expected signs and are significantly different from zero at conventional levels of significance.
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The relationship between actual TCG and TCG obtained by adding-up the different components of equation (5) is shown in Figure 1 . The quite similar patterns of actual and estimated TCG are the result of the high correlation between these two variables (0.87) due to the good fit of the cost and cost-share equations. As a result, the average yearly estimated TCG (10.96%) is close to the actual figure (7.98%).
Figure 1. Estimated and Actual Total Cost.
The last row of Table 3 shows the average over the period of analysis of the components of TCG. The average TCG over the period of analysis is 10.89%. A substantial part of such cost increase is due to the increase in the price of inputs (6.54%) and to the increase in output (2.97%). We consider these two components the results of market forces outside the control of the industry. Non-optimal allocation of the fixed factor (capital) contributes another 4.46% and the scale component a further 0.97% to TCG.
The effect of misallocation of fixed inputs on total cost seems fairly large. Additionally, firms do not seem to have chosen the correct scale of operation in order to produce at the minimum of the average cost although this component has a small effect on TCG.
Finally, the reduction of reserves, the physical depletion of the resource, contributes 3.05% to TCG. The high cost elasticity of variable cost with respect to the level of reserves (-12.3) results nonetheless in a moderate contribution of physical depletion to the increase in cost due to the small change in reserves each year (0.28% on average).
An interesting feature is that input prices and fixed input misallocation contributes far more to our measure of economic depletion than physical depletion. Another interesting result is that technical change has a remarkable negative contribution to TCG (-7.09%).
This means that technical change more than offsets the effects of physical depletion on TCG. In fact, technical change is a factor contributing to the economic viability of slate Estimated Actual extraction in the face of increasing costs due to stock reduction. Historically, new technology and innovation have offset the negative effects of physical depletion on the cost of producing mineral commodities (Espi and Moreno, 2010; Tilton, 2013) .
In summary, a 10.89% yearly TCG hardly looks like a sustainable pattern. However, the view is quite more optimistic if we use the qualitative and quantitative information on economic depletion provided by the TCG decomposition. If we deduct the effects of input prices and output growth, the TCG is a more moderate 1.38%. This result is due mainly to the compensating effects of decreasing reserves and technical change on TCG.
Additionally, better management of fixed inputs and scale could lead to a nil TCG. This detailed analysis of depletion is an advantage of the analysis performed in the present paper.
Conclusions
In this paper, we analyze changes in mining costs as a very general measure of depletion of a non-renewable natural resource. Mining costs as an index of economic depletion can be used to assess the future viability of extracting the natural resource. As such, we propose a decomposition of changes in mining cost to analyse the relationship between physical and economic depletion of a non-renewable natural resource. Additionally, the decomposition proposed here allows to explore the role played in economic depletion not only by the level of physical reserves but also by technical change and other variables related to market events and management of firms in the industry.
We find quite high yearly average cost increases. The decomposition of Total Cost Growth shows that components not under the control of the industry such as input prices and output changes account for most of the increase in total cost. The remaining components of economic depletion increase Total Cost Growth in less than 1.5% per year on average. However, capital misallocation contributes substantially to TCG while the scale effect plays a minor role. These results suggest that the industry is not well managed in terms of fixed inputs and to a less extent of scale of operation. On the other hand, the role of physical depletion of the resource in explaining economic depletion is substantial but lower than other factors. On the other hand, technical change can reduce extraction costs enough to offset the effect of physical depletion. Therefore, technical change is clearly the main driver of economic sustainability of the extraction of slate.
Finally, we conclude with some policy consequences of the results in the present paper.
Resource management is important not only on environmental grounds but also in terms of its effect on the evolution of the extraction cost of the natural resource (economic depletion). Second, the relevance of reserves for total cost suggests the convenience of gaining a better knowledge of reserves. Third, our results suggest that technical change is the main driver of economic sustainability of the slate industry. This overlooked insight can provide some guidance to mining policy although some management issues could be relevant too.
